maintained at 49%, and end-tidal carbon dioxide concentration was maintained at 35-40 mm Hg by adjusting the respiratory rate or tidal volume throughout the experiment. Arterial blood gas partial pressure and acid-base status were monitored at regular intervals and maintained within a normal range (pH, 7.35-7.45; PaCO 2 , 30-40 mm Hg; and PaO 2 , 90-150 mm Hg). isoflurane was delivered by calibrated isoflurane vaporizer (A.M. Bickford, inc., Wales Center, nY). End-tidal concentrations of isoflurane, carbon dioxide, and inspired oxygen concentrations were measured using a Poet iQ2 infrared gas analyzer (Criticare systems, inc., Waukesha, Wi). the 1.0 minimum alveolar anesthetic concentration value of isoflurane used for rats in the current investigation was 1.4%. Body temperature was maintained at 37.0 ± 0.2°C using a heating pad and radiant warmer. After the chest was opened, a 6-0 Prolene suture (Ethicon, inc., somerville, nJ) was placed around the proximal left anterior descending (LAD) coronary artery. Coronary artery occlusion was produced by clamping the snare onto the epicardial surface of the heart with a hemostat and was confirmed by the appearance of epicardial cyanosis. Reperfusion was achieved by loosening the snare and was verified by observing an epicardial hyperemic response. the experimental design was modeled after Ludwig and colleagues (3) .
Our experimental design is illustrated in Figure 1 . Rats of similar age were randomly assigned to one of the groups. Protocol A was designed for infarction size measurements and transmission electron microscopic studies. in this protocol, all animals underwent 30 minutes of LAD coronary artery occlusion followed by 2 h of reperfusion. Protocol B was designed for protein phosphorylation state determinations and nAD + measurements, since mPtP opening (12) , and Akt and GsK-3b phosphorylation (8) are observed during the first 10 minutes of reperfusion. Here, all rats underwent 30 minutes of LAD occlusion followed by 10 minutes of reperfusion. the preconditioning parts of the protocol were based on previous work that had shown that isoflurane, followed by 10 minutes of washout, was sufficient to provide early cardioprotection (11) .
Myocardial infarct Size
Myocardial infarct size was measured as previously described (11) . Briefly, at the end of each experiment, the LAD coronary artery was re-occluded, and patent blue dye was injected intravenously to stain the normal region of the left ventricle. the heart was rapidly excised, and the left ventricle was isolated. the left ventricular (Lv) area at risk (AAR) was separated from surrounding blue-stained normal areas, and the two regions were incubated at 37°C for 15 minutes in 1% 2,3,5-triphenyltetrazolium chloride in 0.1 M phosphate buffer adjusted to a pH of 7.4. After overnight storage in 10% formaldehyde, infarcted (unstained) and noninfarcted (stained red) myocardium samples within the AAR were carefully dissected, separated, and weighed. in this study, all AAR/Lv % were around 40%. infarction size was expressed as a percentage of the Lv AAR.
Transmission electron Microscope
to investigate the mitochondrial damage in situ between groups, we examined the ultrastruture of myocardium by transmission electron microscopy. samples used for transmission electron microscopy were processed using standard techniques (13) . Briefly, a small piece (<1 mm 3 ) of subendocardial tissue was excised from the left ventricle at the end of the experiment and fixed overnight in 4% paraformaldehyde and 2.5% electron microscope grade glutaraldehyde in 0.1 M phosphate-buffered saline (PBs; pH 7.4). samples were then placed in 2% osmium tetroxide in 0.1 M PBs (pH 7.4), dehydrated in a graded series of ethyl alcohol, and embedded in an epoxy resin. Ultrathin sections of 80 nm were cut with a Reichert-Jung UltracutE Ultramicrotome (Leica Microsystems, inc., Bannockburn, iL) and placed on formvar-coated slot copper grids (Electron Microscopy sciences, Hatfield, PA). sections were then counterstained with uranyl acetate and lead citrate and viewed with an FEi tecnai12 BiotwinG 2 electron microscope (FEi, Hillsboro, OR). images of mitochondria were captured at 6,800× and 18,500× with an AMt xR-60 CCD Digital Camera system (Advanced Microscopy techniques Corp., Danvers, MA). For the morphometric analysis (13) , total mitochondria in three micrographs (6,800×) per animal were counted and the mitochondrial disruption rate was calculated (18,500×) using niH imageJ 1.42 software (scion Corp., Frederick, MD).
immunoblotting
At the end of the protocol B (described in Figure 1 ), heart tissues were excised and separated into normal and ischemic zones by patent blue negative staining. ischemic areas were collected and immediately frozen in liquid nitrogen. samples were then stored in a freezer at −80°C for subsequent analyses.
Frozen tissue samples were homogenized using a Polytron Homogenizer (Kinematica, inc., Bohemia, nY) in ice-cold lysis buffer containing 20 mM tris-HCl (pH 7.4), 150 mM naCl, 1 mM EDtA, 1 mM navO 3 , 1 mM naF, 2.5 mM na 4 P 2 O 7 , 1% nP40, 0.1% sodium dodecyl sulfate, 1 mM dithiothreitol, 1 mM phenylmethanesulfonyl fluoride, and a complete proteinase inhibitor cocktail (one tablet per 10 ml; sigma-Aldrich, st Louis, MO). the samples were then centrifuged at 13,000g for 30 minutes at 4°C to isolate total soluble protein. the clarified supernatant was used to quantify protein expression. Protein concentrations were determined using the Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA). All samples were separated on a 10% polyacrylamide gel and transferred (trans-Blot sD semi-Dry transfer Cell; Bio-Rad) to immun-Blot PvDF membrane. the primary antibodies used were phospho-Akt (ser473; dilution 1:1,000; Cell signaling technology, Beverly, MA) and phospho-GsK-3b (ser9; dilution 1:1,000; Cell signaling technology). specific protein bands on the blots were visualized with enhanced chemiluminescence (Amersham ECL Plus Western Blotting Detection Reagents; GE Healthcare, Buckinghamshire, UK). to determine total Akt and GsK-3b, the membrane was stripped and reprobed with Akt or GsK-3b antibody (1:2,000; Cell signaling technology). Quantitative analysis of the band densities from x-ray film was performed using a flatbed scanner and niH imageJ 1.42 software (scion Corp.).
Determination of naD + , a Marker of mPTP opening
in our experiments, nAD + was extracted from frozen left ventricular tissue (area at risk) using perchloric acid (8, 14) . For these determinations, 30 mg of fresh frozen tissue was powdered in a mortar under liquid nitrogen and thoroughly mixed with 150 ml 0.6 M perchloric acid. the mixture was then homogenized, neutralized with 3 M potassium hydroxide, and centrifuged. nAD + concentrations were determined fluorometrically in dilutions of the supernatant sample using alcohol dehydrogenase (sigma-Aldrich). Excitation was at 339 nm and emission wavelength at 460 nm in a Multifrequency Phase spectrofluorometer iss K2 (iLC technology, inc., sunnyvale, CA).
Statistical analysis
Results are given as means ± SD. two-way analysis of variance with student-newman-Keuls posttest was performed on baseline hemodynamics Western blotting data and nAD + data. Analysis of variance for repeated measures was used to test for time-related differences in hemodynamics within groups. Differences of p < .05 were considered significant. Analyses were performed on sigmastat (version 3.5; systat software, inc., san Jose, CA).
Results
ninety animals were instrumented to obtain 88 successful experiments, 2 animals were excluded due to intractable ventricular arrhythmias. the ages, body weights, and areas at risk were similar within old and young groups. there were young/old sham control (YsC, OsC), young/old ischemia/reperfusion (Yi/R, Oi/R), young/old isoflurane (YisO, OisO), and young/old isoflurane + ischemia/ reperfusion (YisO + i/R, OisO + i/R) groups.
Systemic Hemodynamics
no differences in the baseline hemodynamics were observed among experimental groups (table 1) , and no differences were observed in mean arterial blood pressures between the YisO and OisO groups. isoflurane, however, significantly (p < .05) decreased the mean arterial blood pressure and heart rate in the YisO, YisO + i/R, OisO, and OisO + i/R groups' isoflurane period when compared with their respective baseline period, as observed previously (11) . there were no differences in mean arterial blood pressures and heart rates during the memory period (washout) or coronary artery occlusion when compared with their respective baseline period. in protocol A, all rats' mean blood pressure significantly (p < .05) decreased 30%~50% than the baseline during the second hour of reperfusion.
infarction Size isoflurane significantly reduced infarction size in the young rats (YisO + i/R = 29.9 ± 1.9% of the Lv AAR; Figure 2 ) as compared with age-matched i/R animals (Yi/R = 51.8 ± 2.1%, p < .001). By contrast, there was no significant reduction in infarct/AAR due to isoflurane preconditioning in older animals ( Figure 2 , OisO + i/R = 39.9 ± 3.7% vs Oi/R = 46.9 ± 2.5%, p > .05). AARs were similar for all groups as reflected in the AAR/Lv values among groups.
Transmission electron Microscope analysis of Mitochondria
transmission electron microscope (tEM) images of subendocardial mitochondria from samples removed from animals immediately following the procedures and magnified 18,500× are shown in Figure 3 . Our observations of these specimens indicated that mitochondria of the YsC and OsC groups were compact, with a high matrix density and multiple visible matrix dense granules. After 30 minutes of ischemia and 2 h of reperfusion in vivo, we observed swelling and disruption of the mitochondria, which were accompanied by a decrease of matrix density and separation of than the Yi/R group. in the OisO + i/R group, mitochondria appeared more damaged than the YisO + i/R group.
Morphometric analysis of the electron micrographs further supported our visual impression. two quantitative parameters were used to assess mitochondrial injury: mitochondrial population density ( Figure 4A ) and disruption rate ( Figure 4B ). in the Yi/R (0.34 ± 0.09/mm 2 ) and Oi/R (0.28 ± 0.09/mm 2 ) groups, the numbers of mitochondria per area significantly decreased ~50% compared from their respective sham control groups (YsC = 0.69 ± 0.11/mm 2 , OsC = 0.70 ± 0.14/mm 2 ). isoflurane protected the YisO + i/R group (0.47 ± 0.07/mm 2 ) from mitochondrial loss compared with the Yi/R group (p < .05), but this protection was absent in the OisO + i/R group (0.32 ± 0.08/mm 2 , p > .05). the mitochondrial disruption rate, Yi/R (32.1 ± 9.1%) and Oi/R (47.2 ± 14.9%), significantly increased (p < .001) compared with the respective sham control group. Furthermore, Oi/R mitochondria were more frequently damaged than Yi/R (p < 0.05). in YisO + i/R group (20.0 ± 9.2%), disruption rates were suppressed ~15% compared with Yi/R group (p < .05); however, the rate was remained high in OisO + i/R group (41.5 ± 8.6%) and was not significantly different from the Oi/R rat. crista. the morphological changes of mitochondria were more significant in the Oi/R group. some mitochondria were disrupted, with irregular shapes and loss of outer and inner membranes. Mitochondria in YisO + i/R were less swollen notes: Data were means ± SD. HR = heart rate; i/R = ischemia/reperfusion; isO = isoflurane; MAP = mean arterial blood pressure; O = old; OCC = occlusion coronary artery; sC = sham control; Y = young. *p < .05 significantly different from baseline within the same group. Figure 2 . Histogram with error bars of myocardial infarct size expressed as percentage of the left ventricular area at risk. All data were mean ± SD. *p < .001, isO + i/R versus i/R in the same age groups. +p < .001 old rats versus young rats in the same experiment groups. i/R = ischemia/reperfusion; isO = isoflurane.
Phosphorylation of akt and GSK-3b in Young and old Rat Hearts During isoflurane Preconditioning
the expression of Akt, GsK-3b, and their phosphorylated forms pser 473 -Akt and pser 9 -GsK-3b during myocardial ischemia and reperfusion with or without prior isoflurane administration is illustrated in Figures 5 and 6 . All data are expressed as the ratios of p-Akt/Akt, and these ratios are normalized to YsC. isoflurane increased p-Akt in the YisO (1.63 ± 0.27-fold) and YisO + i/R (1.80 ± 0.24-fold) groups when compared with either the YsC group (p < .001) or the Yi/R group (1.13 ± 0.30-fold, p < .001). there was no difference in p-Akt between Yi/R and YsC groups or between YisO and YisO + i/R groups. in old sham control rats, an increased level of p-Akt (1.49 ± 0.42-fold) relative to YsC (p = .004) was observed. isoflurane, however, did not increase p-Akt levels in OisO and OisO + i/R groups compared with the OsC and Oi/R groups. As found with p-Akt, isoflurane increased p-GsK-3b in the YisO (1.82 ± 0.05-fold) and YisO + i/R (1.81 ± 0.08-fold) compared with either YsC (p < .001) or Yi/R (1.17 ± 0.15-fold, p < .001) groups. As expected, there was no difference between the Yi/R group and YsC group. in old sham control rats, however, increased levels of p-GsK-3b (1.44 ± 0.20-fold) were observed compared with YsC group (p < .001). Again, isoflurane did not increase p-GsK-3b levels in OisO and OisO + i/R compared with the OsC and Oi/R groups. total Akt and total GsK-3b levels were similar between young and old groups. Representative electron micrographs of subendocardial mitochondria (magnification at 18,500×). Ultrastructural changes of mitochondria included swelling and cristae disintegration, which were accompanied by a decrease of matrix density and separation of crista. these changes were more readily discernible in the Oi/R and Oi/R + isO groups. Please see the Results section for details. i/R = ischemia/reperfusion; isO = isoflurane; sC = sham control. Mitochondrial disruption rate calculated from total mitochondria in five different micrographs per group. no disrupted mitochondria were found in YsC and OsC groups. All data were expressed as means ± SD. *p < .05, isO, i/R, or isO + i/R versus sC in the same age groups. #p < .05, isO + i/R versus i/R in the same age groups. +p < .05 old rats versus young rats in the same experiment groups. Please see the Results section for details. i/R = ischemia/reperfusion; isO = isoflurane; sC = sham control. 
Discussion
several pertinent findings are reported in this study (summarized in Figure 8 ). First, isoflurane increased Akt and Figure 5 . Phosphorylation status of Akt. p-Akt (ser 473 ) was normalized to young sham control. All data were expressed as means ± SD. *p < .05, isO, i/R, or isO + i/R versus sC in the same age groups. #p < .05, isO + i/R versus i/R in the same age groups. +p < .05 old rats versus young rats in the same experiment groups. GAPDH = glyceraldehyde 3-phosphate dehydrogenuse; i/R = ischemia/ reperfusion; isO = isoflurane; sC = sham control. Figure 6 . Phosphorylation status of GsK-3b. p-GsK-3b (ser 9 ) was normalized to young sham control. All data were expressed as means ± SD. *p < .05, isO, i/R, or isO + i/R versus sC in the same age groups. #p < .05, isO + i/R versus i/R in the same age groups. +p < .05 old rats versus young rats in the same experiment groups. GAPDH = glyceraldehyde 3-phosphate dehydrogenuse; i/R = ischemia/reperfusion; isO = isoflurane; sC = sham control. Figure 7 . nAD + measurements in the various treatment groups. nAD + content was determined after 10 minutes of reperfusion. Data are means ± SD. *p < .05, isO, i/R, or isO + i/R versus sC in the same age groups. #p < .05, isO + i/R versus i/R in the same age groups. +p < .05 old rats versus young rats in the same experiment groups. i/R = ischemia/reperfusion; isO = isoflurane; sC = sham control. Figure 8 . Diagram illustrating our working model of cardioprotective pathways in the young and senescent myocardium. triggered during anesthetic preconditioning, response elements downstream of the Akt/GsK-3b pathway are desensitized in the senescent myocardium resulting in a failure of the mitochondrial permeability transition pore (mPtP) to remain closed. We suggest that oxidative stress in the senescent myocardium is the underlying cause of this desensitization. As the heart ages, oxidative stress damages various components of the mitochondria, preventing pharmacological modulation of mPtP, despite the increased level of constitutive Akt and GsK-3b phosphorylation measured as the ratio of anesthetic preconditioning/sham control phosphorylation. What changes occur in the mPtP or the mitochondrion that alter mPtP sensitivity to GsK-3b regulation are unknown, although increased sensitivity to i/R-induced reactive oxygen species generation or mitochondrial Ca 2+ levels or interactions of mPtP with cyclophilin D or p-GsK-3b may be implicated. Please see the Discussion section for details.
GsK-3b phosphorylation in the young but not in the old rat ventricular myocardium. second, the levels of Akt and GsK-3b phosphorylation were elevated in the OsC group compared with YsC group, but no significant differences were observed between the isoflurane-treated and sham control groups in the old animals. Loss of nAD + , indicative of mPtP opening, was decreased in young animals subjected to isoflurane preconditioning prior to i/R injury compared with untreated young i/R animals. importantly, there were no significant differences in loss of nAD + between i/R and isO + i/R groups in the old animals. We conclude that Akt/GsK-3b pathway is constitutively up-modulated in the old myocardium in vivo so that isoflurane preconditioning has no effect and that mPtP regulation by isoflurane is dysfunctional in the old rat heart. Because Akt (15) and GsK-3b (16) appear to be required for isoflurane preconditioning in the young, our new results imply that response pathways distal to Akt/GsK-3b are somehow desensitized in the older animals.
Phosphoinositide 3-kinase and its downstream protein kinases, Akt and GsK-3b, are known to play an important role in survival from i/R injury (17) . it also has been shown that Akt phosphorylation is upstream of PKC-e, nitric oxide, and GsK-3b (18) . Myocardial infarction size is reduced by ischemic preconditioning, as well as by treatment with d-opioid, insulin, insulin-like growth factor, erythropoitetin, or isoflurane; all of these interventions induce ser 9 phosphorylation of GsK-3b (8, 16, (19) (20) (21) (22) (23) (24) (25) (26) . GsK-3b is now considered the pivotal kinase that serves as the integration point in cardioprotective-signaling. Juhaszova and colleagues (18) have demonstrated that a diverse array of cardioprotective agents inhibit mPtP opening by Aktdependent pathways, leading to ser 9 phosphorylation of GsK-3b, which inhibits this kinase and thereby reduces the opening of mPtPs.
in our previous studies, we have shown that APC helps protect the myocardium of young rats but not that of older animals (11). Bickler's group showed that isoflurane fail to increase phosphorylated Akt in old rat hippocampus (27) . in the current study, substantial age-related increases in levels of p-Akt and p-GsK-3b were observed relative to young sham control animals. Consistent with previous work, isoflurane increased p-Akt and p-GsK-3b levels in young but not in old rat myocardium. together, these findings suggest that Akt/GsK-3b pathway is already activated in the older rats in the absence of the isoflurane preconditioning stimulus.
Following an episode of i/R injury, the major determinant of cardiomyocyte death is formation of the mPtP, which can open irreversibly at the onset of myocardial reperfusion (7, 28, 29) . the mPtPs remain closed under ischemic "deenergized" conditions but open at the onset of reperfusion triggered by Ca 2+ overload and the excessive formation of ROs (30, 31) . the opening of this pore permeates the inner mitochondrial membrane, thereby collapsing the mitochondrial membrane potential that is required to drive oxidative phosphorylation, leading to AtP depletion and cell death. in addition, its opening may also induce mitochondrial swelling, resulting in apoptotic cell death from the mitochondrial release of cytochrome C. it is well know that the ageing myocardium is subjected to enhanced oxidative stress, which damages mitochondria (32) . Oxidative damage to mitochondria in concert with mitochondrial calcium overload favors the onset of mPtP opening and subsequent release of cytochrome c (33). Our results are consistent with the idea that such damage resets the mechanisms that regulate mPtP opening in the old myocardium.
Observations from the tEM images of in situ mitochondria were in agreement with our other results. All mitochondrial were mixture of subsarcolemmal and interfibrillar (34) . the ultrastructural changes of subendocardial mitochondria included swelling and cristae disintegration. With isoflurane preconditioning, the i/R damage to mitochondria was ameliorated in every aspect of morphological features in young rats but not in old rats. these visual findings were confirmed by the morphometric analysis. it has been suggested that the functional recovery during reperfusion correlates with mitochondrial morphological grading (35) , which is consistent with the concordance between the infarct/AAR data and the morphometric analysis of the tEM images.
in our study, nAD + was measured from whole tissue extracts in the different treatment protocols in order to assess indirectly mPtP opening in vivo. Di Lisa and colleagues (14) have already established that cyclosporin A (CsA), a potent mPtP inhibitor, completely prevents nAD + depletion. thus, nAD + loss can be directly attributed to opening of mPtP, although the loss due to subsequent washout of cytosolic nAD + from injured cells during reperfusion is included in this measurement. in an isolated perfused heart study, 30 minutes of ischemia alone caused an ~30% decrease in tissue nAD + content that was not sensitive to CsA. Because a major determinant of the ultimate infarction size is the duration and severity of ischemia (36) , at least a portion of the decrease of nAD + may have been due to the oncosis of the cardiomyocytes, which is not affected by mPtP inhibitors nor influenced by isoflurane. in an additional experiment consistent with Di Lisa and colleagues (14) , we find that in young adult rats administrated CsA 5 mg/kg 5 minutes before reperfusion, nAD + levels still decreases about 25%, and there is no significant difference between CsA preconditioning and APC in young animals (data not shown). As in the perfused heart (14) study, our results show that a portion of the nAD + loss is unaffected by CsA and that this is likely traced to the prior ischemic period.
We found no significant differences in nAD + levels between young and old sham control myocardium, whereas isoflurane delivered prior to i/R injury prevented the loss of nAD + in young rats compared with the young i/R group. in older animals, however, nAD + loss was similar in isO + i/R and i/R groups. these results suggest that isoflurane reduces mPtP opening in young animals but not in old animals. Whether this reduced sensitivity of mPtP to modulation by isoflurane is the result of age-related changes in the mPtP itself or to other changes in mitochondrial function remains to be determined. 
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